Presto-Color: A Photometric Survey Cadence for Explosive Physics & Fast
  Transients by Bianco, Federica B. et al.
This work is published in: Publications of the Astronomical Society of the Pacific, 131:068002 (13pp), 2019 June
Typeset using LATEX twocolumn style in AASTeX62
Presto-Color: A Photometric Survey Cadence for Explosive Physics & Fast Transients
Federica B. Bianco
Department of Physics and Astronomy, University of Delaware, Newark, DE, 19716, USA 2
Joseph R. Biden, Jr. School of Public Policy and Administration, University of Delaware, Newark, DE, 19716, USA 2
Data Science Institute, University of Delaware, Newark, DE, 19716, USA 2
Center for Urban Science and Progress, New York University, 370 Jay St, Brooklyn, NY 11201, USA
Maria R. Drout
Department of Astronomy and Astrophysics, University of Toronto, 50 St. George Street, Toronto, Ontario, M5S 3H4 Canada
The Observatories of the Carnegie Institution for Science, 813 Santa Barbara St., Pasadena, CA 91101, USA
Melissa L. Graham
Department of Astronomy, University of Washington, Box 351580, U.W., Seattle, WA 98195, USA
Tyler A. Pritchard
Center for Cosmology and Particle Physics, New York University, 370 Jay St, Brooklyn, NY 11201, USA
Rahul Biswas
The Oskar Klein Centre for CosmoParticle Physics, Department of Physics, Stockholm University, AlbaNova, Stockholm SE-1069
Gautham Narayan
Space Telescope Science Institute, 3700 San Martin Dr, Baltimore, MD 21218, USA
Igor Andreoni
Division of Physics, Mathematics and Astronomy, California Institute of Technology, 1200 E California Blvd, Pasadena, CA 91125,
USA
Philip S. Cowperthwaite
The Observatories of the Carnegie Institution for Science, 813 Santa Barbara St., Pasadena, CA 91101, USA
Tiago Ribeiro
LSST, 933 N. Cherry Ave., Tucson, AZ 85721, USA
with the support of the LSST Transient and Variable Stars Collaboration
Abstract
We identify minimal observing cadence requirements that enable photometric astronomical surveys
to detect and recognize fast and explosive transients and fast transient features. Observations in two
different filters within a short time window (e.g., g-and-i, or r-and-z, within < 0.5 hr) and a repeat
of one of those filters with a longer time window (e.g., > 1.5 hr) are desirable for this purpose. Such
an observing strategy delivers both the color and light curve evolution of transients on the same
night. This allows the identification and initial characterization of fast transient—or fast features of
longer timescale transients—such as rapidly declining supernovae, kilonovae, and the signatures of SN
ejecta interacting with binary companion stars or circumstellar material. Some of these extragalactic
transients are intrinsically rare and generally all hard to find, thus upcoming surveys like the Large
Synoptic Survey Telescope (LSST) could dramatically improve our understanding of their origin and
properties. We colloquially refer to such a strategy implementation for the LSST as the Presto-Color
strategy (rapid-color). This cadence’s minimal requirements allow for overall optimization of a survey
for other science goals. Published version DOI: https://doi.org/10.1088/1538-3873/ab121a.
1. INTRODUCTION
Corresponding author: Federica B. Bianco
fbianco@udel.edu
The advent of wide-field time domain surveys has rev-
olutionized the field of transient astrophysics. Coverage
on short timescales in the optical/NIR bands, in partic-
ular, has facilitated rapid strides in our understanding of
both supernova (SN) explosions and peculiar transients.
This work focuses on short-lived transients, whose light
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2curves evolution happens in .10 days, as well as slower
transients (evolving in months time scales) that show
fast evolving features at some phases.
Rapidly evolving transients are generally poorly un-
derstood, and may be associated with a variety of phe-
nomena, including accretion-induced white dwarf col-
lapse (Metzger et al. 2009), underluminous and fallback
SN (Moriya et al. 2010), ultra-stripped SN (Drout et al.
2013; Kasliwal et al. 2010; Tauris et al. 2015; De et al.
2018), compact-object mergers (Kasen et al. 2015; Met-
zger et al. 2010), orphan gamma-ray burst afterglows
(Totani & Panaitescu 2002), and common-envelope ejec-
tions (Blagorodnova et al. 2017). “Infant” supernovae
(SNe)—hours to days after explosion—evolve quickly
and their observations provide vital constraints on their
explosion mechanisms and progenitor systems (Nakar
& Sari 2010; Rabinak & Waxman 2011; Nugent et al.
2011), potential non-spherical behavior (Matzner et al.
2013; Salbi et al. 2014), and shock collision with a binary
companion (Kasen 2010).
Despite progress, the detection rate for both rapid
transients and rapidly evolving phases in SN explosions
has remained low due to a combination of survey effi-
ciency and intrinsic event rates. The volume surveyed
by the new and upcoming surveys Zwicky Transient Fac-
tory (ZTF; Bellm 2014) and the Large Synoptic Survey
Telescope (LSST; Ivezic´ et al. 20081) bring the promise
of detecting many more intrinsically rare events. How-
ever, recognizing and using these events to probe the
science questions described herein (section 2) requires
adequate time- and filter-sampling of relatively short-
lived features.
In this work, we explore the minimal cadence require-
ments that allow a multi-band imaging survey to effec-
tively recognize young and rapidly evolving transients.
We focus on an implementation for the LSST main sur-
vey (also known as Wide-Fast-Deep, WFD). The LSST
main survey is designed with four science goals in mind:
understanding dark matter and dark energy, cataloging
the orbits of millions of moving objects in the solar sys-
tem, understanding the structure of the Milky Way via
resolved stellar population, and exploring the transient
sky (Ivezic´ et al. 2008). To deliver on these science goals,
the LSST is planning a 6-filter (ugrizy), ∼ 18, 000 square
degree survey of the southern hemisphere to a single-
image (coadded) depth of r & 24.5 mag (27.5 mag) for
a signal-to-noise ratio of 5 for point sources, with sub-
1 as accessed in its arxiv.org version, which is a living document,
on January 30, 2019
second spatial resolution (Ivezic´ et al. 2008)2. However,
the LSST main survey’s baseline cadence results in a
typical intra-night revisit rate of ∼30 minutes (LSST
Science Collaboration et al. 2017), which is too rapid to
recognize effectively fast transients and fast transient
features from “normal” transients. Furthermore, the
current baseline planned cadence repeats observations in
the same filter with a median gap of 2 weeks: too long to
capture rapidly evolving transients with enough epochs
for characterization, and in extreme, but also extremely
interesting cases, e.g. kilonovae (KNe), to even capture
them with anything more than a single epoch. We are
most interested in optimizing the cadence of LSST be-
cause, compared to other ongoing and upcoming all sky
transient surveys, LSST will have the greatest depth.
This provides better uncertainties on the flux compared
to other surveys, enabling a more accurate color or light
curve evolution determination from a small number of
observations, and could be critical in the determination
of these quantities from a relatively small number of ob-
servations. Second, the higher depth allows LSST to
probe a larger volume for the same sky area, which is
better for building a sample of intrinsically rare tran-
sients and features — but a key constraint is the poten-
tial availability of spectroscopic follow-up facilities for
the fainter targets.
The optimization of the LSST survey strategy is, at
the time of writing, open to community input, and the
LSST Project Science Team issued a call for white pa-
pers suggesting LSST cadences details in 2018 Novem-
ber, which prompted this work and many other strategy
implementation ideas3.
We explored the minimal requirements necessary to
achieve the goal of detecting and recognizing fast tran-
sients and fast transient features, and design a strat-
egy for the LSST main survey (WFD) that accommo-
dates the core LSST science goals (and other science
goals identified by the scientific community) but which,
unlike many other WFD proposals (including the cur-
rent baseline strategy4), allows for the identification of
young and rapidly evolving transients from the millions
of LSST alerts every night. This cadence will allow for
the prompt triggering of external follow-up resources
(e.g., spectroscopy, non-optical facilities) that are nec-
essary to confirm the discoveries and study the temper-
2 For more details, see also the LSST Science Requirements
Document https://ls.st/srd.
3 https://www.lsst.org/submitted-whitepaper-2018
4 the baseline2018a simulation described in
https://ls.st/Document-28453
3ature, composition, and explosion mechanisms of explo-
sive phenomena.
We argue that three observations per night are suffi-
cient to disambiguate fast transients and trigger prompt
follow-up, as long as the three images are collected in two
filters with appropriate time gaps between the filters in
the sequence. We find that this cadence should put min-
imal strain on an observing strategy, and still allow for
further strategy details to be optimized for different sci-
ence cases (e.g. covering large areas of the sky within
a night, or the specific pointing sequence, or obtaining
long observation sequences in a single filter). Specifi-
cally, the strategy we envision has two requirements:
1. Observations in two filters obtained in quick suc-
cession so that the transient’s color can be mea-
sured. The color is critical to both allow us to
distinguish different classes of transients and as a
probe of the physics operating during rapid tran-
sient evolution phases.
2. A same-filter revisit separated by hours (before
or after the filter pair) so that the light curve
evolution (slope) can be constrained and dis-
tinguished from slower-evolving transients.
Since this cadence is designed to return both a tran-
sient’s color and rate of brightness change in a single
night, we call it the Presto-Color (rapid-color) cadence.
The exact form of the Presto-Color cadence is provided
with more detail in section 3.
In order to demonstrate the ability of the Presto-Color
survey cadence to achieve our goals, we have selected
four exemplary types of extragalactic fast transients,
and fast features of longer duration transients, for our
discussion in section 2. Representative light curves for
each type of transient are shown in Figure 1, and graph-
ical representations of where they separate from normal
SN in color and intra-night rate-of-change are shown in
Figure 3 and Figure 4.
2. SCIENTIFIC MOTIVATION
The main science cases that motivate the design of the
Presto-Color cadence are discussed below, and simplified
light curves are shown in Figure 1.
2.1. The Nature of Rapidly Evolving Luminous
Transients
“Rapidly evolving transients” are defined as extra-
galactic events that reach SN luminosity but have
timescales an order of magnitude faster. To date, only
a small number have been identified, but recent sample
studies (Drout et al. 2014) have shown that they are
not intrinsically rare: few have been detected simply
because current surveys are not designed to be effi-
cient at short timescales. They are a significant fraction
(∼5%–10%) of the core-collapse events, which we must
understand to have a complete picture of massive star
death. Known events have rise times spanning 1–3 days
and blue colors at maximum (Drout et al. 2014; Pur-
siainen et al. 2018; Rest et al. 2018); an example of a
fast transient light curve is shown in Figure 1 panel (a).
While their true nature is unknown, leading theoretical
models include black hole formation in failed SN and
the birth of binary neutron star systems, with recent ob-
servations of AT2018cow showing evidence for a central
engine (Kashiyama & Quataert 2015; Margutti et al.
2018; Prentice et al. 2018). It is clear that larger sam-
ples, as well as more detailed and complete observations
of individual event are required to understand their true
nature and diversity.
2.2. KNe and the Origin of Heavy Elements
KNe are powered by the radioactive decay of r -process
nuclei synthesized in the ejecta of neutron star merg-
ers (Li & Paczyn´ski 1998; Metzger 2017). These ob-
jects have been described by theories and models, and
candidate KNe have been observed in conjunction with
Gamma Ray Bursts (Berger et al. 2013; Tanvir et al.
2013; Jin et al. 2015). The first detection of an op-
tical counterpart associated with a gravitational wave
(GW) event came in 2017 in a search triggered by the
Advanced LIGO (Aasi et al. 2015) and Advanced Virgo
(Acernese et al. 2015) detection of GW170817 (Abbott
et al. 2017). Observations of the KN associated with
GW170817 revealed thermal emission that rose in <1
day and cooled from a temperature of >10,000 K to
3,000 K over 5 days (Drout et al. 2017). The initially
blue optical light faded at a rate of >1 mag day−1, and
was followed by a longer-lived red transient consistent
with the production of a significant quantity of r -process
elements of multiple compositions (Cowperthwaite et al.
2017; Drout et al. 2017; Kasliwal et al. 2017; Smartt
et al. 2017; Tanvir et al. 2017; Villar et al. 2017, and
references therein). An example of this ∼10 day long
red light curve is shown in Figure 1 panel (b). Ad-
ditional examples — with or without associated LIGO
triggers — are required to ascertain whether GW170817
was typical. Sample studies will provide constraints on
the ejecta composition, mass, and velocity that strongly
influences the resulting color, magnitude, and timescale
of the emission. Once the effect of the ejecta on the color
4Figure 1. Light curves of exemplary fast transients and fast features. From left to right: (a) fast transient PS1-10bjp
(Drout et al. 2014); (b) the kilonova associated to GW170817 (Tanvir et al. 2017); (c) the shock breakout model fits for SN IIb
2016gkg’s stellar radius (Bersten et al. 2018); and (d) Type Ia SN 2017cbv’s “blue bump” compared to the “normal” Type Ia
SN 2011fe (Graham et al. 2015; Hosseinzadeh et al. 2017). In some cases, these plots have been adapted from their original
form for clarity in the context of this paper.
is understood, the frequency of the early blue emission
will set critical constraints on the ratio of light and heavy
elements formed, and the total contribution of NS merg-
ers to cosmic nucleosynthesis (Metzger et al. 2018; Piro
& Kollmeier 2018; Rosswog et al. 2018).
Unfortunately, the current baseline cadence planned
for the LSST WFD Survey repeats observations in each
filter with a median gap of 2 weeks. This is longer
than the anticipated time scale of KNe, as well as many
other putative systems that produce fast transients. The
call for LSST white papers recognized that this need is
largely unmet, and several cadence proposals are aimed
at improving LSST’s ability to probe short (< 1 week)
duration time-domain phenomena. Notably, responding
to the same call for white papers, Andreoni et al. (2018)
advocates for an LSST “rolling” cadence with colors for
the purpose of increasing the chance detection rate of
KNe. This strategy is similar to ours advocating for
2-filter (g and i) observations on consecutive days.
2.3. Progenitors and Pre-explosion Mass Loss of
Core-collapse SN
Early observations of core-collapse SN (CCSN) pro-
vide critical constraints on the progenitor radius and
envelope structure through the detection of either shock
breakout (∼1 day) or cooling envelope (∼1-5 day) emis-
sion (Modjaz et al. 2009; Nakar & Sari 2010; Arcavi et al.
2011; Bersten et al. 2018). An example of a CCSN that
exhibited both types of fast features, and a hydrody-
namical model fit to the data, is shown in Figure 1 panel
(c). Indeed, there has been growing evidence that many
CCSN either explode in “non-standard” evolutionary
states or undergo enhanced pre-SN mass-loss and out-
bursts in their terminal years (Nakar & Piro 2014; Kha-
zov et al. 2016). Theoretical studies have pointed to
a range of potential explanations to accommodate the
observations, such as pulsation-driven superwinds (Yoon
& Cantiello 2010), wave heating outbursts (Fuller 2017),
and inflated progenitor envelope (Gra¨fener et al. 2012).
However, the nature of this mass loss and the types of
SN experiencing it remain uncertain.
2.4. Progenitors and Explosion Mechanisms of
Thermonuclear SN
SN Ia result from the thermonuclear disruption of a
carbon-oxygen white dwarf star which has either ac-
creted mass from or merged with a binary companion
(Hillebrandt & Niemeyer 2000). However, questions re-
main regarding the nature of the companion star (e.g., a
red giant, main sequence, or another white dwarf star).
Answering these questions are not only important for a
complete and accurate picture of stellar evolution and
death, but also for understanding how the diversity of
progenitor systems and differences in the SN evolution-
ary pathways over cosmic time may induce systematic
differences in standardization, and thus systematic er-
rors in precision cosmological inference (e.g., D’Andrea
2011; Hayden 2013).
Observable signatures of a stellar companion star in
the progenitor system of a SN Ia is, for the above rea-
sons, an active pursuit of the SN community. For ex-
ample, Kasen (2010) predicted that a red giant or main
sequence companion star could shock the SN Ia ejecta
at early times, and cause an observable “blue bump” in
the first few days of a SN Ia light curve. In this model
the distance and size of the companion star relative to
the white dwarf drives the color and duration of this
fast blue light curve feature, while the viewing angle of
the observer relative affects the intensity of the observed
light curve “bump.” Sample studies of type Ia SN lead
to constraints on the progenitor fractions (Bianco et al.
2011; Hayden et al. 2010). Singular examples of “blue
bumps” have been observed: for example, observations
within ∼1 day of explosion revealed a rapidly-rising blue
5“bump” for SN Ia 2017cbv (panel (d) of Figure 1), which
has been interpreted by some as a collision with a non-
degenerate companion star (Hosseinzadeh et al. 2017).
However, larger sample studies are required to resolve
the degeneracy between the nature of the companion
and the geometric alignment, and to furthermore help
distinguish between the effects of a companion star and
the influence of the explosion itself on the early light
curve. For example, preliminary population studies sug-
gest the possibility of an as-yet-unexplained red/blue
color dichotomy in early (< 5 days) rapidly rising light
curves of SN Ia (Stritzinger et al. 2018), and implications
for outwardly mixed radioactive material are predicted
by the double detonation explosion model (Piro & Moro-
zova 2016; Polin et al. 2018). The latter physical quality
may also be related to dust formation models from SNe,
and also important for sub-Chandrasekhar mass models
for SN Ia progenitors (Polin et al. 2018). The Presto-
Color cadence for LSST will not only help to identify
such fast features early enough for follow-up, but lead
to a significantly higher fraction of LSST’s discovered
SN Ia having the requisite early time sampling for large
statistical analyses.
2.5. Additional Science Cases
While we have focused on extragalactic fast transients
here, a cadence that allows measurement of both color
and rate-of-change on the timescale of ∼hours will have
general applicability across many areas — from variable
stars and microlensing to characterization of solar sys-
tem objects. Requests for multiple observations in the
same and in different filters, in fact, were made in sev-
eral other white papers submitted to the LSST Project
in November including Street et al. (2018), which fo-
cuses on microlensing, and Bricman & Gomboc (2018)
and Gezari et al. (2018), both of which focus on tidal
disruption events.
3. IMPLEMENTATION
The Presto-Color cadence aims to obtain both the
color and light curve shape of a transient in a single
night and it is originally designed as an LSST WFD
strategy. It requires observations in two different filters,
f1 and f2, within a short interval of time ∆T1, and then
to return to the same field with either of those filters at
a later time ∆T2. The minimal technical constraints in
this observing strategy are:
1. max(∆T1), an upper limit on the time between the
two visits that provide color,
2. min(∆T2), a lower limit on the time between the
two visits that provide light curve shape, and
3. The filter pair f1 and f2.
As we envision the implementation of Presto-Color for
a synoptic survey, we have to keep in mind efficiency
is generally a priority for such surveys, and for LSST
in particular: the implementation of Presto-Color must
not interfere with the achievement of the four main sci-
ence goals described in section 1. We tested a simple
implementation of a strategy that delivers on our re-
quirements by using the LSST OpSim5 software (Delgado
et al. 2014): an application that simulates the field selec-
tion and image acquisition process of the LSST survey
over the lifetime of the survey, balancing strategic re-
quirements on different time scales (e.g. minimum num-
ber of observations per filter per field over the survey
lifetime vs target filter gaps and filter sequences), simu-
lating realistic weather and seeing conditions, scheduled
engineering downtime, and current telescope and cam-
era parameters (a more detailed discussion of our simu-
lations is presented in the Appendix). As illustrated in
Figure 2, the Presto-Color cadence can be implemented
by alternating pairs of visits on a field and single visits
on the previous field, thus minimizing slew time. The
single visits separated by ∆T2 could alternate between
the two filters, thereby reducing the number of filter
changes (which incurs a 2 minute overhead with LSST).
In the example implementation of Figure 2, half of the
transients would have their light curve slope measured
in “blue” filter, the other half in “orange” filter, and
all would have a data point in “blue-minus-orange” or
“orange-minus-blue” color.
The main science goals of Presto-Color might be
reachable if the proposed cadence is limited to extra-
galactic LSST fields, although we noted in subsection 2.5
that some galactic transients (e.g., microlensing) would
also benefit from it. Obtaining two observations within
a short time interval, comparable to our ∆T1, is nec-
essary to distinguish moving objects (i.e. Solar System
objects) from transients and variables, so a repeat obser-
vation within a short interval of time is built in almost
all LSST cadence implementations. However, collect-
ing these observations in two different filters f1 and f2
limits the detectability of Solar System objects to the
sensitivity of the shallowest filter in the f1 − f2 pair.
The Presto-Color cadence could be avoided in regions
of the extended ecliptic plane (i.e., the region of interest
for solar system studies). Essentially, given the incred-
ible increase in the LSST’s accessible volume compared
to past surveys, implementing the Presto-Color cadence
in just some sky regions, some of the time, should yield
5 https://www.lsst.org/node/656
6Figure 2. A schematic example of the Presto-Color cadence with two alternating filters covering four regions of sky over
5.5 hours to obtain three observations per region with appropriate time gaps to measure light curve color and shape. In this
implementation the time gaps are: 30 min . ∆T1 . 1 hour and 2 hour . ∆T2 . 3 hour . Preliminary results for such an
implementation of Presto-Color for LSST (performed with OpSim, see section 3 and Appendix) indicate a ∼ 1% efficiency loss
due to the increased number of filter changes.
more (and better) observations of fast transients and
fast features than ever before.
4. RECOGNIZING FAST TRANSIENTS AND FAST
FEATURES
We explore our ability to recognize fast transients
and fast features in transients, distinguishing them from
“normal” transients, assuming an observing strategy
that collects three images within a single observing
night. We parameterize transients in a phase space of
observed color versus observed intra-night magnitude-
change to determine which region of this space each
transient occupies.
4.1. Sample Light Curves
We first compile a sample of light curves for both fast
transients and “normal” supernova from the literature,
which will be used to test the effectiveness of different
observing strategies in distinguishing targets of interest.
For our sample of fast transients/features, we include
example light curves for each of the classes of events
described in section 2. Our sample of rapidly evolv-
ing transients includes the gold sample of events from
Drout et al. (2014) as well as the rapidly declining tran-
sients SN 2005ek (Drout et al. 2013) and AT2018cow
(Margutti et al. 2018). For KNe, we consider the fiducial
case of the best fit models to the emission of GW170817
from Villar et al. (2017). We include models both with
and without the early blue component (labeled as ’Blue
Kilonova’ and ’Red Kilonova’). For “infant” SNe we
consider observations of supernova obtained within the
first 5 days after explosion. We include both empirical
data from the core-collapse SN 2016gkg (supplemented
by a hydrodynamical model from Piro & Morozova 2016
to obtain finer time steps) and the Type Ia SN2011fe
and SN2017cbv (Graham et al. 2015; Hosseinzadeh et al.
2017) as well as simulated observations of SNe Ia with
and without binary companions based on the models of
Kasen (2010).
We also include a population of normal Type Ia and
Type II/P/L SNe. Together, these represent slower
evolving transients from which we wish to distinguish
our transients of interest. For the SN Ia we include a
population of events between −7 and +15 days of max-
imum light at a range of redshifts. The SNe Ia SNe
are generated with the SNcosmo python library (Barbary
2014). LSST-like g, r, and i light curves are generated
at redshifts 0.3 ≤ z ≤ 0.7 using the Spectral Adap-
tive Lightcurve Template framework SALT2 (Guy et al.
2007, a light curve fitting model). The three param-
eters given to SALT2 are: an observer flux normaliza-
tion for the spectral templates x0, a light curve shape-
luminosity parameter (related to stretch) x1, and a color
parameter c related to the B−V color at peak. Follow-
ing Kessler et al. 2010 (figures 2 and 10 therein) we
select SALT2 parameters randomly from Gaussian dis-
tributions as x1 ∼ N(0, 1), and set c ∼ N(0, 0.05),
and let SNcosmo set x0 to produce realistic lightcurves.
We generate 100 SNe Ia, constraining the sampling to
−7 days < phase < 15 days to peak B brightness.
Our rationale to set an upper limit of +15 days is that
older transients would have already been discovered by
a survey like LSST in previous observations of the same
field, so that more data would be available to constraint
their characteristics. Younger SNe, on the other hand,
would be “fast transients.”
For SNe II, we consider a few representative exam-
ples: SN 2006bc, SN 2008M SN 2009N, SN 2007od,
7Figure 3. Fiducial phase space plot showing separation be-
tween classes of transients in observed color and intra-night
magnitude change. We show the location of transients for
observations obtained in g-and-i band filters within 30 min-
utes (∆T1) and a second g−band observation obtained 4 hr
(∆T2) after the first. All fast transients/features are shown
in colors, SNe Ia, as representatives of “normal transients,”
are plotted in gray, clustering around 0 on the x-axis due to
their slower evolution (see legend and text for details). Each
transient is shown at a range of epochs in its evolution. Ris-
ing light curves correspond to positive magnitude changes
(positive x-axis).
SN 2008aw (Anderson et al. 2014, personal communi-
cation).
Finally, we consider intermediate luminosity tran-
sients (ILOTs) and Calcium rich transients (CARTs)
and events from sub-luminous SN Iax. The first two
of these models have significantly faster time evolu-
tion from type Ia and core collapse SNe, while the
Iax subclass exhibit similar properties to SNe Ia us-
ing our methodology. These events were simulated for
the recently concluded Photometric LSST Astronomical
Time-series Classification Challenge (PLAsTiCC, The
PLAsTiCC team et al. 2018). Light curves were gener-
ated assuming the minion1016 cadence (see LSST Sci-
ence Collaboration et al. 2017 for details on this strat-
egy) in the LSST Deep Drilling Fields. We selected these
objects over a range of redshifts and Milky Way redden-
ing values, as well as intrinsic parameters of each of these
models.
In order to use these sample light curves to test the ef-
fectiveness of various observing strategies we uniformly
sample the light curves to a cadence of 30 minutes.
Model light curves were generated at this cadence while
the light curves from observed transients were fit with
low order polynomials and interpolated to a fixed 30
minute cadence within the observed range (no extrap-
olation). In general, we restrict these template light
curves to relatively young objects, interpolating from
the minion1016 cadence to a 30 minute cadence from
−21 days to +15 days post-maximum.
Each individual transient leads to a family of data-
points, corresponding to observations at different epochs
in its lifetime.
In Figure 3, we plot the location of these sample light
curves (excluding the PLAsTiCC transients) in a phase
space of observed color (vertical axis) versus observed
magnitude change (horizontal axis). In creating this
plot, we adopt an observing strategy in which obser-
vations are obtained in g-and-i band within 30 minutes
of each other and a second g−band observation is ob-
tained 4 hr later: (∆T1,∆T2) = (0.5 hr, 4 hr). For each
individual event the family of data-points generated by
observing the transient at different epochs is visible as a
‘track.’ Red transients are located at the top of the plot
and blue at the bottom. Declining transients are found
on the left and rising transients on the right. The infant
core-collapse SN found in the declining portion of the
plot is the rapidly fading component of the cooling en-
velope emission observed in SN2016gkg (see Figure 1).
With this survey strategy, our transients of interest (col-
ored points) are easily distinguishable from “normal”
SNe Ia and II (which are clustered near zero magnitude
change). At the same time, the observed color provides
vital context on the type of transient of interest.
In the section below, we investigate how details of
the adopted observing strategy influences our ability to
identify transients of interest within this phase space.
4.2. The sample in the color versus magnitude-change
space
With this data set in hand, we can explore how the
color versus magnitude-change space is occupied by nor-
mal and unusual transients when two observations are
performed in g-and-i band or r-and-i band at a time
interval ∆T1 (in Figure 3, ∆T1= 30 minutes), and with
one further observation in g− or r−band ∆T2 after the
first image (in Figure 3, ∆T1= 4 hr).
We train a machine learning classifier to recognize
fast transients in this phase space. We use a Gaus-
sian Processes (GP) Probabilistic Classifier (Rasmussen
8Figure 4. The result of a binary classification (“normal” vs. “fast”) performed with a Gaussian Processes (GP) Probabilistic
Classifier for two fiducial strategies: (∆T1,∆T2) = (0.5 hr, 0.5 hr), shown at the top, and (∆T1,∆T2) = (0, 4 hr), at the bottom.
The left panel shows the result for observations in g-and-i, the right panel in r-and-i, with the g and r filter repeated twice,
respectively, leading to a light curve shape constraint ∆g and ∆r. The red dots indicate transients of interest (same sample
as the colored data points in Figure 3) and blue and gold dots denote SN Ia and II populations respectively. Gray circles
indicate the points included in the training set. The heat map in the background represents the probability of a transient
being “not-normal” from three observations collected according to the specific implementation of our Presto-Color strategy.
The majority of the phase space has a probability p ∼ 0.5 because it is far from any known transients: the region densely
occupied by known transients is relatively compact, except when observed in g-and-i at (∆T1,∆T2) = (0, 4 hr). The error
bars at the bottom indicate the photometric uncertainty in ∆mag based on the typical rate of change for a normal SN Ia (0.3
mag/day) for a transient initially observed by LSST at mag 20, 22, and 24 in the g (left) or r (right) band: thick lines represent
a 1σ, thin lines a 3σ uncertainty. Transients at a horizontal separation smaller than an error bar have indistinguishable light
curve evolution within that confidence level. When observed with gaps (∆T1,∆T2) = (0.5 hr, 0.5 hr) nearly all transients
g/r & 22 at nearly all epochs are indistinguishable at a 1σ level in both filter combinations. Even at g/r ∼ 20 transients
are indistinguishable at a high (3σ) confidence. With time gaps (∆T1,∆T2) = (0, 4 hr), in the r-and-i observations case
(right), nearly all transients r & 22 are consistent at a 3σ level. Furthermore, the distribution is more compact along the
y-axis, leading to less insightful clues into the physical phenomena. Among these strategies, the g-and-i observations with
∆T1= 0 and ∆T2= 4 hours time gaps is optimal for recognizing fast transients, allowing us to distinguish most transients
g & 22 from SNe Ia and II at & 1σ. High resolution PDF versions of this images are available on the project repository
https://github.com/fedhere/prestocolor/tree/master/FastTrWP/PhaseSpace/Figures
2006) with a radial basis function (RBF) kernel as im-
plemented in the scikit-learn python package (Pe-
dregosa et al. 2011), training it to disambiguate fast
transients from SNe Ia and II in g-and-i and r-and-i ob-
servations at (∆T1,∆T2) = (0, 0.5 hr) and (∆T1,∆T2) =
(0.5 hr, 4 hr). The goal of this algorithm is separating
“normal” transients from objects that evolve “fast”: we
are approaching this as a binary classification problem
(Figure 4 and Figure 5).
We balance these two classes by selecting Nfast ran-
dom observations among the “normal” light curves’ data
points, with Nfast equal to the number of data points
available for all fast transients combined. The “nor-
mal” sample is split as two-third SN Ia and one-third
SN II. We note that these classes will be significantly
unbalanced in real observations, with orders of mag-
nitudes more “normal” than unusual objects, but our
goal here is to develop a classifier that is sensitive or
has a high true-positive rate for unusual objects, rather
than optimizing for overall accuracy, which would lead
to good classification performance on the most common
objects, but poor performance on rare events. Addition-
9ally, a realistic survey can expect to have GW triggers
for KNe, or detections from other wide-field observato-
ries. These further limit the search area on the sky,
and constrain the evolution, which further justifies our
focus on sensitivity over sample completeness or con-
tamination. Building an optimal photometric classifier
that serves the needs of the entire LSST community is
a research problem of great interest, and there has been
much recent activity on this front (e.g. The PLAsTiCC
team et al. 2018).
The classifier generates a probability for the transient
being “normal” or “fast” anywhere in our phase space.
The goal of using a classifier here is to leverage it as
a data-driven way to identify which set of parameters
provides the most solid and useful “not-normal” label
for a newly discovered object. Note that the classifier
will default to a 0.5 probability in regions of the space
that are not occupied by any of our transients. This
does not imply that these regions are uninteresting, and
indeed it is in these regions that we might expect to
find true outliers: unexpected and unusual, as-of-yet un-
known objects!
We train the classifiers with all possible combination
of the following time gaps: ∆T1 = [0.5, 1.5, 3.5, 4,
4.5, 6.5] hr and ∆T2 = [0, 0.5, 1, 2] hr. We do not
consider time scales longer than 6.5 hr, due to general
consideration on the visibility of a field within a night
(see section 3).
The results of our classification exercise are shown in
Figure 4, where red dots are all transients of interest,
blue and gold are SNe Ia and II, gray circles are data
points included in the training set, and the classification
probability for each point in the phase space is indicated
by the background color. The (∆T1,∆T2) = (0.5 hr, 0.5
hr) strategy classification results are shown in the top
panel, and (∆T1,∆T2) = (0, 4 hr) in the bottom. On
the left-hand side is the result for the filter combination
g-and-i, and on the right for r-and-i. In all cases we
obtain high (&95%) accuracy in cross-validation.
To test the robustness of this classification result, we
separately implement a Random Forest Decision Tree
Classifier (implemented using scikit-learn, Pedregosa
et al. 2011) using the same sample data set of objects
as described above on a fiducial set of data using the
(g, i) filters and (∆T1, ∆T2) = (0.5, 4.5 hr) time gaps
which approximate the median case. Starting with a
sparse feature space that only uses the observed color
and magnitude difference we find that, as with the GP
classifier above, we have a somewhat optimistic classi-
fication accuracy of & 97% when using 70% train and
30% test data and aggregating across n = 1000 individ-
ual decision trees.
One benefit of tree classification algorithms is that
they allow us to straightforwardly interpret the relative
importance of our features in determining the assigned
class by asking in what fraction of trees is a particular
feature at a higher rank in the tree than the others.
When evaluating the relative strengths assigned by the
ensemble of trees, we find that the change in magnitude
is roughly twice as important as the observed color when
assigning a coarse classification (∼ 0.68 versus ∼ 0.32).
These results lead us to the following considerations:
max(∆T1) --- The two observations in different fil-
ters, separated by ∆T1, will be used to assess the color
of the transient. The fast transients are distinguished
mostly due to their ∆mag, but their high rate of change
in luminosity implies that only for small ∆T1 we can ob-
tain true color information that would direct our follow-
up strategy choices. Smaller values of ∆T1 — ∼30 min-
utes — are better to provide a true estimate of the in-
trinsic color (see subsection 4.2). However, values of
∆T1 of up to a few hours, while no longer sensitive to
the true “instantaneous” color of the transient, can still
provide some diagnostic power (e.g., of whether a given
transient is red or blue), and thus insight into the ongo-
ing physical processes.
min(∆T2) --- The two observations in a matching
filter, separated by ∆T2, will be used to assess the rate
of brightness change of the transient (the light curve
slope). While our classifier successfully separated SNe
Ia and II from fast transients in all ∆T1-∆T2 combina-
tions, with accuracy exceeding 95%, disambiguation is
obviously harder for smaller ∆T2. This is intuitively ob-
vious looking at Figure 4. For ∆T2 smaller than ∼ 4 hr
it is effectively impossible to distinguish fast transients
from “normal” ones due to the photometric uncertain-
ties, since the classification is mostly driven by the rate
of change in luminosity. The uncertainty in ∆mag is
plotted for a typical SN Ia (0.3 magnitudes day−1) as ob-
served by LSST with the first measurement at g/r = 20,
22, 24 in the g or r band (1σ and 3σ are shown). At ∆T2
smaller than ∼ 4 hr nearly all fast transient observations
fall within the 1σ region of type Ia SNe for transients
g & 22.
max(∆T2) — We advocate for three observations
within the same night to trigger a follow-up campaign
and catch the early, extremely informative stages of a
transients evolution. In addition, there are general con-
sideration on the visibility of a field within a night to
make: ∆T2 ∼ 4 hours means we are now observing a
field that moved 60◦ across the sky: if the first observa-
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tions happened near zenith the field would now be at a
prohibitively high airmass.
Filter sequence — The repeat observation in the
same filter can be obtained either before or after the fil-
ter pair (while the illustration in Figure 2 always shows
it as occurring after). However, given that the main mo-
tivation of the Presto-Color cadence is to identify new
objects with rising light curves, we note that beginning
the sequence with the image pair is a strategy that is
more robust to saturation of very rapidly rising objects:
it still provides color and a slope constraint even if the
final image is saturated. This aspect of the implemen-
tation is especially important to consider in light of the
relatively faint saturation limit of LSST (r ∼ 16 mag;
Ivezic´ et al. 2008). On the other end, beginning the ob-
serving sequence with the single visit would lead to a
color determination and lower limits to the slope even
with an initial non-detection.
Filter pair f1-f2 —
1. The types of energetic, rapidly rising events which
the Presto-Color cadence is designed to find, such
as infant SNe, are very blue in color at their ear-
liest phases. This favors the inclusion of LSST
filters g or r in the pair (LSST’s u-band filter’s
throughput is low, Olivier et al. 2008).
2. The magnitude evolution is generally faster at
bluer wavelengths, due to rapid cooling which is
observed in many of the transients considered here.
Thus the transients are better separated along
the ∆mag axis when g−band observations are re-
peated.
3. Non-adjacent filter pairs provide a larger lever arm
to determine the slope of the spectral energy den-
sity (SED). Specifically, the g and i filter choice
separates the transients much better than r and i
(Figure 4). This allows far more insight into the
transient from the initial observation triplet.
4.3. Generalization to the PLAsTiCC intermediate
luminosity objects
The simple segregation of the phase space we obtained
by training a GP classifier on a few exemplary fast tran-
sients/features is not expected to be particularly robust.
Nonetheless, we place additional fast transients in this
phase space and test the performance of the classifier on
these objects, which were not in the training set, to see
how generalizable our conclusions are.
As described in section 2, from the PLAsTiCC chal-
lenge dataset (The PLAsTiCC team et al. 2018) we ob-
tained a set of ILOTs, CARTs, and SNe Iax (Jha 2017,
and references therein). In this limited sample, ILOTs
and CARTs display rapid luminosity evolution, while
SNe Iax’s behavior is not very different from standard
type Ia’s. The ILOTs and CARTs are shown in the
left panel of Figure 5. The data points are plotted in
red if they are classified as “unusual’,’ in gray other-
wise. ILOTs and CARTs are in part recognized by our
classifier, mostly in phases in which their evolution is
rapid and the “tracks” depart from the middle of the
plot along the x -axis, but also when their color is blue
(bottom of the plot), enforcing the importance of obtain-
ing color information for classification of fast transients.
Note that some of the rapid evolution tracks that stray
away from the region inhabited by the “normal” tran-
sients extending in the red and rising portion of the plot
(top right) are not classified as unusual by our classifier
simply because we had no points in this region. How-
ever, they are in a region of the phase space where the
probability is p ∼ 0.5, and thus they should be consid-
ered interesting. The evolution of Iax SNe, however, is
similar to that of normal type Ia’s, and they are mostly
missed by our classifier. This indicates that our simplis-
tic classification scheme is not sufficient to distinguish
SN Iax, or that more observations on longer time scales
or contextual data (e.g. proximity to a galaxy center)
are required; we remind the reader that photometric
classification of transients is a field in rapid evolution
(e.g. The PLAsTiCC team et al. 2018).
5. CONCLUSIONS
We identified minimal requirements that a photomet-
ric survey should meet to detect and distinguish un-
usual, fast-evolving astrophysical transients associated
with explosive physics from other transients. We refer
to our proposed strategy as Presto-Color and focus our
design on the upcoming LSST.
The detection and prompt identification of fast tran-
sients, such as KNe and rapidly evolving features in type
Ia and core-collapse SN, is critical to future synoptic
surveys. These transients are poorly observed due to
the general inefficiency of synoptic surveys at detect-
ing and recognizing them, and they are poorly under-
stood. Some of these transients are intrinsically rare
(KN). Others, while not intrinsically rare, are seldom
detected (Drout et al. 2014), as their evolution happens
on time-scales shorter than probed by the cadence of
ongoing wide-field surveys. They are characterized by
rapid luminosity evolution and unusual colors, relative
to more common sources. We thus identify the min-
imal requirements to be three observations in two fil-
ters within a night, with a maximum separation for the
observations in different filters of ∆T1 . 30 minutes,
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Figure 5. The phase space of color vs. magnitude-change is mapped with the probability of a data point belonging to a
fast transient/fast feature, or to a “normal” transient. We overlay to this map transients from the PLAsTiCC challenge (The
PLAsTiCC team et al. 2018): ILOTs and CARTs (left panel) and SN Iax (right panel). The data points are plotted in red if
our simple GP classifier identifies them as “fast,” in gray if they are classified as “normal” transients.
which yields an accurate color determination in the pres-
ence of a rapidly evolving luminosity, and an optimal re-
peat of ∆T2 & 4 hr, which provides sufficient leverage
on the lightcurve shape to detect the rapid evolution.
The preferred implementation options for LSST is to
use g-and-i and repeat the g observation, but alternat-
ing between g and i for the repeat filter maximizes ob-
serving efficiency (minimizing slew and filter changes).
However, we note that LSST is planning to collect nearly
twice as many images in r than in g6 to achieve its four
main science goals (section 1). If this design feature is
preserved in the final LSST observing strategy, Presto-
color could be implemented in r-and-z. We find that a
minimum separation between observations in the same
filter of & 1.5 hr is sufficient to capture a significant
change in luminosity only for transients g & 22.
These two requirements, while not sufficient for ac-
curate studies of individual transients, are sufficient to
separate fast transients/features with contemporary ma-
chine learning methods. This, in turn, can be used to
trigger timely photometric or spectroscopic follow-up,
and will lead to valuable rate estimates, as well as ob-
servational constraints on the nature of the progenitor
systems of these sources. These requirements are only
minimal constraints, and still permit significant survey
strategy optimization: field selection, sky coverage, and
6 https://ls.st/srd
filter selection (provided our constraints) can all be op-
timized for other science goals.
This research is reproducible. The code is accessible
on GitHub7
Software: scikit-earn(Pedregosaetal.2011), sncosmo
(Barbary 2014), Opsim (Delgado et al. 2014), MAF (Jones
et al. 2014), astropy (Astropy Collaboration et al. 2013;
Price-Whelan et al. 2018)
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APPENDIX
LSST Performance Evaluation
The LSST Project team has created several LSST survey simulations8 in the form of catalogs of observations
(including pointing, seeing, filter, etc...) and software that allows users to simulate LSST surveys (OpSim, Delgado
et al. 2014), and to evaluate the performance of LSST simulated survey strategies (MAF, Jones et al. 2014). Ideally,
the success of an LSST strategy simulation in addressing a science case, like the identification of fast transients and
fast features in transients, can be conveyed in a single number: a Figure of Merit (FoM), so that the overall success
of a strategy can be determined by comparing the figures of merit for each science goals. The detailed steps involved
in evaluating an LSST observing strategy are described in LSST Science Collaboration et al. (2017). To evaluate
a strategy’s success in promptly recognizing fast transients/features, we simulated a simple implementation of our
proposed WFD strategy and we built two diagnostic metrics, described below, to determine the ability of a strategy
simulation to collect the observations required for our science. At last, one can extract the relevant observations from
the strategy simulation, and analyze them as we would analyze data from LSST. We have not yet performed this last
step for this paper.
.1. Presto-color OpSim
The OpSim software now runs using a new feature-based algorithm which enables the simulation of a strategy such as
the one we have designed. The Presto-Color survey strategy is accomplished with a combination of three “Surveys”:
the Greedy Algorithm (GA) Survey, the Pairs in different filters (PDF) Survey, and the Pairs in the same filters (PSF)
Survey. To combine observations in filters f1 and f2, the Surveys are configured such that when the GA Survey gets an
observation in f1 or f2, the PDF Survey schedules an observation of the same field with the other filter ∆T1= 30± 5
minutes later, and the PSF Survey schedules an observation of the same field with the same filter ∆T2= 60±5 minutes
later (larger ∆T2 choices should be explored). A test simulation combining g-and-i and r-and-z was produced to
evaluate the impact in performance and test the metrics: this simulation is referred to as pontus 2591. Non-adjacent
filters are used to get better leverage on the Spectral Energy Distribution (SED) through color. Overall we noticed
that this kind of strategy has a similar throughput (in efficiency and total number of observations) as a strategy to
take pairs of observations in different filters.
.2. Diagnostic Metrics
Based on our evaluation of the light curves of fast transients, and the fast features of longer duration transients, we
designed two diagnostic metrics and submitted them to the sims maf contrib9 repository.
1. threeVisitsWColorMetric: a diagnostic metric that checks if a field was observed three times in a night with
two filters, given input constraints on ∆T1 (an upper limit) and ∆T2 (a lower limit). The specific filter pair of
f1 and f2 is also an input to the metric. This metric was run on year-one of baseline2018a, the current sample
LSST survey strategy, and year-one of our test OpSim run pontus 2591.
2. FastTransientMetric: a diagnostic metric based on the Transient Metric that injects continuous saw-tooth
shaped transients with a rising slope (input parameter) and a vertical decline, with peak brightness which can
be input independently for each filter (thus enabling the injection of different color transients). The metric
calculates the fraction of transients with three detections that are consistent with an input ∆T1 (upper limit)
and ∆T2 (lower limit) and a specific filter-pair.
Results from running threeVisitsWColorMetric on the existing LSST OpSim baseline2018a simulation and on
the new pontus 2591 simulation are shown and discussed in Figure 6. All LSST observation triplets (all HEALPix
8 http://astro-lsst-01.astro.washington.edu:8080
9 https://github.com/LSST-nonproject/sims maf contrib
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Figure 6. The results of our diagnostic metric, threeVisitsWColorMetric, that checks for fields in OpSim LSST strategy
simulations that were observed three times in a night with two filters (as labeled) satisfying constraints on ∆T1 and ∆T2. We
explore year-one of the pontus 2591 (our Presto-Color test run; left panels), and year-one of the baseline2018a LSST OpSim
runs (right panels). We use a HEALPix (Go´rski et al. 2005) sky pixelization at a resolution of nside = 128. All HEALPix128
“pixels” that met the conditions of our metric are shown as points, colored by the filter pair f1-and-f2. In pontus 2591, ∼ 20
thousand observations in year-one satisfy our constraints strictly (∆T1 < 0.5 and ∆T2 > 1.5) in g-and-i and over 40 thousand
in r-and-z. Very few HEALPix128 pixels in the baseline2018a OpSim have observations in triplets in two filters and none that
satisfy our constraints.
—Go´rski et al. 2005—areas of the sky that are observed with triplets) can be plotted on a ∆T2 versus ∆T1 plane: the
x−axis is the time between visits in the two different filters (which provides color information), and the y−axis is the
time between visits in the same filter (which provides lightcurve evolution constraints). The target area for our science
is the white region in the plots, where ∆T1 ≤ 0.5 and ∆T2 ≥ 1.5 hr, such that both color and brightness evolution
can be measured, although there is no hard cutoff at 30 minutes in ∆T1, so observations just to the left of our target
region are valuable, and observations at a larger ∆T2 within the same night are preferred. While the strategy we
designed generates over 20 thousand g-and-i and 40 thousand r-and-z valuable observations for our science goals, the
baseline LSST strategy does not lead to any observations that satisfy our constraints.
.3. Figure of Merit
Our FoM metric is the fraction of events for which the color and rise-time are constrained (within some accuracy).
Different science cases will have different input light curves and different gap constraints. We plan on injecting samples
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of the transients of interest, as well as “normal” transients, by leveraging the Monte Carlo MAF framework and the
transientLC metric, recovering the light curve (PassMetric) and measuring color and slope, which will be evaluated
in the context of machine learning partitioning of the Color-Slope phase space (Figure 3 and Figure 4) to isolate
transients for follow-up. Further analysis will assess our ability to distinguish between fast transients with the LSST
data alone.
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